We have pointed out in our research that in the thermal spraying of practical powder materials, the splat shape change transitionally to a disk shape from a splash shape on a critical substrate temperature range. Substrate temperature increasing may accompany the change in something on the substrate surface, because the changing effect is maintained till the substrate is cooled down to the room temperature. Thus, a certain non-reversible change in substrate surface due to the heating might be the possible domination for the transition phenomenon in the flattening of thermal sprayed particles. In this study, AISI304 steel substrate surface once heated to 673 K was analyzed precisely by atomic force microscope (AFM), X-ray photoelectron spectroscopy (XPS) and auger electron spectroscopy. The results obtained revealed that the change of the substrate surface occurred not in the chemical composition but mainly in the surface roughness, especially surface morphology in nano-meter scale. Substrate heating may bring about the change in the physical way on the substrate surface and this change induces the transition phenomenon.
Introduction
As a flattening of thermal sprayed particle on a substrate or a deposited coating surface is a fundamental phenomenon of the coating formation, a clarification of the flattening behavior of an individual particle is essential. Theoretical analysis typically represented by Madejski 1) has indicated that both in-flight temperature and velocity of the particle are the domination in the flattening of the sprayed particles. However, we have pointed out that the particle/substrate interface oriented factors, like substrate temperature and absorption of adsorbates, affect more the flattening in most practical cases. [2] [3] [4] [5] [6] Especially, our experimental results revealed that the splat shape of most metallic and ceramic material on the flat substrate had a transitional changing tendency from a splash splat to a disk with an increase of the substrate temperature as shown in Fig. 1 . 2, 3) The transition temperature, Tt, at which the particle's splat shape change to the splash splat from the disk one was defined and introduced by the author.
2) Moreover, it was verified that the adhesion strength of the coating changed transitionally with the substrate temperature increasing, and its dependence on the substrate temperature corresponded quite well to that of the splat shape as also indicated in Fig. 1 .
Thus, the investigation of the flattening behavior of thermal sprayed particle on the substrate surface is significantly meaningful from the practical viewpoint. Unified explanation has been tried on the transition behavior based on the experimental, theoretical or numerical data. Possible dominations are the initial solidification, 7) wetting at particle/substrate interface, 2, 3) desorption of adsorbates on the substrate surface, 8) and so on. A certain irreversible change in substrate surface due to the heating might be the domination for the transition phenomenon in the flattening of thermal sprayed particles. In this study, AISI304 steel substrate surface once heated to 673 K was analyzed precisely by atomic force microscope (AFM), X-ray photoelectron spectroscopy (XPS) and auger electron spectroscopy. The effect of the substrate surface change due to the heating on the transition in flattening behavior of thermal sprayed particle was mainly investigated.
Experimental
Thermal spraying was performed with SulzerMetco 9MB plasma torch under atmospheric conditions. Table 1 2) To investigate the chemical change of the substrate surface by the heating, both Auger analysis in the depth direction and XPS analysis on the surface of the substrate were conducted, respectively. Surface roughness of the substrate in nano-meter scale was measured by AFM on an area of 1 mm 2 .
Results and Discussion

Splat change by substrate heating
First of all, sprayed particles were collected on three kinds of substrates those were kept at room temperature condition. As an example, SEM images of each splat are shown in Fig. 2 . As shown in Figs. 2(a) and (c), splat morphologies on as polished substrates were splash type. On the other hand, as shown in Fig. 2(b) , splat morphology on once heated substrate was disk type. The fraction of the disk type splat on each substrate was measured and shown in Fig. 3 for Ni splat as an example. While the splash splat was the major on as polished substrates as shown in (a), (c), disk splat was the major on once heated substrate, as shown in (b). Similar tendency in morphological change was recognized in both Ni and Cr splat. It was clearly confirmed from the facts mentioned above that the disk type splats appeared on the substrate once heated in air atmosphere. The significant difference in splat shape may be caused by a certain change on the substrate surface with heating, because both the temperature and adsorption condition in each substrate are common in this case. In other words, a certain irreversible change on the substrate surface was introduced by the heating in air atmosphere.
Typical change of metallic substrate surface with heating in air is oxidation. The oxidation effect can be divided into two, that is, compositional change as a chemical aspect and surface roughness change as a physical aspect. Considering the fact that disk splat appears on the substrate surface kept at elevated temperature, a certain change on the substrate surface with heating is maintained till the substrate is cooled down to the room temperature. Sampath et al. 8, 9) have pointed out recently that the transition phenomenon of the sprayed particle from splash splat to disk one corresponds to a critical substrate temperature in the desorption condition on the substrate surface. That is, the desorption of adsorbate/ condensate induce the transition of the flattening behavior of the sprayed particle. The adsorption/desorption condition for the specimen surface examined here, however, is common for all in this experiment. Namely, enough adsorption occurs at the room temperature condition even on the specimen, once heated to elevated temperature. Hence, the adsorption/ desorption is not always the domination for the splat morphology change on the transition temperature. It is more likely that some other effective factors may affect with the substrate heating. Figure 4 and Fig. 5 show the auger analysis in depth direction from the surface and XPS spectrum on the surface, respectively. As shown in Fig. 4 , regularly polished stainless steel has oxide layer of a few nm thickness, while once heated substrate has thicker oxide layer of over ten nm on its surface. However, the chemical composition itself of their surfaces has no significant difference in each other. Moreover, as shown in Fig. 5 , it is recognized that the major compositional phase of the stainless steel substrate surface is both iron and chromium oxides, regardless of as polished and once heated condition.
As the metal particles sprayed in an air atmosphere are normally oxidized on its surface, surface oxide layer of the particles collide and contact directly to the oxide layer existed on the substrate surface. We have already verified experimentally in our previous researches 6, 10, 11) that the larger the standard free energy of oxide formation of the metal substrate, the better the dynamic wetting of substrate by Al 2 O 3 particle thermally sprayed. However, since any significant difference cannot be observed between as polished and once heated substrate surface, the effect of chemical change due to the oxidation is not always the domination for the transition behavior of the splat morphology.
3.3 Effect of physical change of substrate surface due to heating Again, two kinds of substrates, (a) as polished with 0.3 mm Al 2 O 3 , and (b) once heated to 673 K after polishing with 0.3 mm Al 2 O 3 , were observed on their surfaces by AFM. Figure 6 shows the surface topography image for both substrates. It can be seen that Ra value of once heated substrate is bigger than that of the substrate as polished condition. As obviously recognized in the figure, so many projections were formed on once heated substrate. These projections are detected to be oxide by considering the measurement results shown as Auger analysis and XPS analyses previously.
It has been known that the wetting of solid surface by liquid droplet is influenced in two ways differently due to the surface roughness in a static condition. That is, in the case of good wetting condition, the wetting change to the better direction with increasing the substrate roughness, while in the case of bad wetting condition, it change to the worse direction with increasing the roughness. Here, we assume that the same mechanism can be applicable to the dynamic wetting as well like in thermal sprayed particle, as any effective experimental or analytical aspects has been shown on a relationship between surface roughness and dynamic wetting. Thus, the normal wetting of thermal sprayed particle is considered to be worse because it is an advancing contact condition. Hence, the wetting condition should change to the worse direction by roughening of the substrate surface. The change in the wetting condition may induce the splash type splat in the flattening of the splat. However, the result mentioned above was contradictory to the regular relationship between wetting and surface roughness change. That is, the disk type splat appeared preferentially on the substrate with larger Ra value, namely, on once heated substrate. The measurement results of surface roughness for each substrate were summarized in Table 2 . It is found that the splash splat was mainly observed on the substrate as polished (1 mm) and the disk splat was the major on the substrate once heated, while these two substrate has almost similar Ra value (;3 nm). The fact means that the splat shape isn't always characterized by Ra value of the substrate surface. The surface roughness is usually evaluated by the mean surface roughness Ra, shown in the equation,
where, dx is vicinity length, z is surface height, m is mean value of the surface height, l is sampling length. In this study, addition to the mean roughness parameter, other three kinds of parameters were introduced to evaluate the surface roughness character of the substrate, that is, root-meansquare roughness Rq, skewness Sk and kurtosis Ku, respectively. The definition of three parameters are shown as follows:
where ðzÞ is distributing function of the surface heights, Rq is standard deviation of the surface heights. Both Sk and Ku are the parameters to evaluate the distribution of surface heights. 12, 13) These parameters are characterized that Sk means symmetry and Ku means concentration of the each mean line of the surface heights. In addition, when Sk is 0 and Ku is 3, distribution of the surface heights obeys Gaussian distribution.
The measurement results in each parameter for three different substrate surfaces were summarized in Table 2 . From Table 2 , it is found that Ku value on each substrate doesn't correspond well to the difference in splat shape, while Sk value quantitatively corresponds well to the splat shape characters for each substrate. The substrates as polished by 1 mm Al 2 O 3 with negative Sk, indicated as c) in Table 2 , has truncated surface. On the other hand, once heated substrate with positive Sk, indicated as b) in Table 2 , has projection surface. While Ra value is common for these substrate surfaces, contact condition between droplet and substrate surface may be different for both. From the fact mentioned above, it is summarized that the flattening behavior of thermal sprayed particle may be affected significantly by the surface roughness characters in nm scale. More details in the qualitative relationship between wetting behavior and nm order surface roughness character has to be clarified in the future study.
Conclusions
The effect of substrate surface change by heating on the transition in flattening behaviour of the thermal sprayed particle was verified. The results obtained in this study are summarized as follows: (1) Disk type splats appeared on the substrate once heated in an air atmosphere. As the adsorption/desorption condition for the specimen surface examined here is common for all in this experiment, the adsorption/ desorption is not always the domination for the splat morphology change on the transition temperature. (2) Since any significant difference cannot be observed between as polished and once heated substrate surface, the effect of chemical change due to the oxidation is not always the domination for the transition. (3) Ku value doesn't correspond well to the difference in splat shape, while Sk value quantitatively corresponds well to the splat shape for each substrate. Thus, the flattening behavior of thermal sprayed particles may be affected significantly by the surface roughness change in nm scale. 
